a b s t r a c t 9 Subtle disturbances of visual and motor function are known features of schizophrenia and can greatly impact 22 quality of life; however, few studies investigate these abnormalities using simple visuomotor stimuli. In healthy 23 people, electrophysiological data show that beta band oscillations in sensorimotor cortex decrease during move-24 ment execution (event-related beta desynchronisation (ERBD)), then increase above baseline for a short time 25 after the movement (post-movement beta rebound (PMBR)); whilst in visual cortex, gamma oscillations are 26 increased throughout stimulus presentation. In this study, we used a self-paced visuomotor paradigm and mag-27 netoencephalography (MEG) to contrast these responses in patients with schizophrenia and control volunteers. 28 We found significant reductions in the peak-to-peak change in amplitude from ERBD to PMBR in schizophrenia 29 compared with controls. This effect was strongest in patients who made fewer movements, whereas beta was not 30 modulated by movement in controls. There was no significant difference in the amplitude of visual gamma 31 between patients and controls. These data demonstrate that clear abnormalities in basic sensorimotor processing 32 in schizophrenia can be observed using a very simple MEG paradigm. 33 Please cite this article as: Robson, S.E., et al., Abnormal visuomotor processing in schizophrenia, NeuroImage: Clinical (2015), http://dx.doi.org/ 10.1016/j.nicl.2015.08.005 due to abnormalities in lower-level visual pathways, particularly 80 in magnocellular neurons (Butler et al., 2001). These neurons rely on 81 N-methyl-D-aspartate (NMDA)-type glutamate receptors, which may 82 show dysfunctional transmission in schizophrenia (Javitt, 2009). A 83 review of motor symptoms and their potential aetiology by Walther 84 and Strik (2012) describes reductions in volume of the anterior cingu-85 late cortex and midbrain structures (putamen, caudate and thalamus), 86 and disturbed gamma-aminobutyric acid (GABA)-ergic neurotransmis-87 sion in these areas and the primary motor cortex. Neuroimaging tech-88 niques are of great use in measuring the structural and physiological 89 abnormalities that may contribute to sensorimotor abnormalities in 90 schizophrenia. 91 Magnetoencephalography (MEG) allows non-invasive inference of 92 current flow in neuronal cell assemblies through measurement of extra-93 cranial magnetic fields. MEG signals are dominated by oscillations, 94 which result from rhythmic activity in large populations of neurons. 95 Neuronal oscillatory responses to visual and motor stimulation have 96 been well characterised in healthy volunteers: in motor cortex, the am-97 plitude of beta (13-30 Hz) oscillations decreases during movement 98 (event-related beta desynchronisation (ERBD)) and increases above 99 baseline on movement cessation (post-movement beta rebound 100
Initially, MEG data were inspected visually. in order to obtain only the sustained gamma response and not the initial 3. Results
262
The task was well tolerated by all patients and controls. Across all 46 263 participants, two patients and two controls failed to show a well local-264 ised beta desynchronisation peak in the motor cortex and one patient 265 did not show a clear gamma peak in visual cortex. These participants 266 were excluded from analysis of these voxels, giving a total of 21 patients 267 and controls contributing to analysis of motor beta, and 22 patients and 268 23 controls for visual gamma. 
286
Note that the largest difference between patients and controls is in the 287 PMBR, which shows a 30% increase from baseline in controls, and only 288 a 14% increase in patients.
289
Interestingly, behavioural data indicated that on average, patients 290 made more button presses per trial (mean 6.83 presses, between sub-291 jects standard deviation (SD) 2.18, within subjects SD 1.03) than t2:1 
controls (mean 5.27 presses, between subjects SD 2.02, within subjects 293 0.60). This difference in these 'button press counts' was statistically sig-294 nificant (t(44) = −2.52; p = .016). However, the mean time of the last 295 button press in each trial was similar for patients (1.92 s, SD 0.34) and 296 controls (1.89 s, SD 0.19) (U = 33; p = .156). These results indicate 297 that on average, patients with schizophrenia pressed the button more 298 frequently in the allocated time period than controls but not for longer; 299 therefore patients tended to press faster than controls. In order to inves-300 tigate MEG data from groups with comparable behaviour, participants 301 who pressed on average between four and eight times per trial were se-302 lected for initial analyses, based on the overlap of the distributions of 303 button press counts from the two groups. This criterion gave groups of 304 12 controls and 13 patients. Responses from these subgroups are pre-305 sented in Fig. 3 . Note that the difference between groups in the PMBR 306 remains, suggesting qualitatively that this effect is not simply accounted 307 for by the different numbers of button presses in the two groups.
308
Statistical analysis of these behaviourally comparable data was con-309 ducted with a repeated measures analysis of variance (ANOVA), the re-310 sults of which are shown in Table 3a . This analysis indicated that when 311 beta amplitude was summed across both stages of the response, 312 patients showed a slightly lower amplitude response than controls.
313
However, the difference in beta amplitude between the groups was de-314 pendent on the stage (ERBD or PMBR) of the response, in that the two 315 groups showed very similar ERBD but the PMBR was significantly re-316 duced in patients. As expected, the PMBR was significantly greater 317 than the ERBD in both groups. The difference in gamma amplitude be-318 tween groups was analysed using a Mann-Whitney U-test, because 319 these data were not normally distributed. There was no significant 320 difference in gamma amplitude in the visual cortex between the two 321 groups (U = 83; p = .810).
322
The difference between groups in the mean number of button 323 presses made per trial (the button press count) warranted further in-324 vestigation in relation to its impact on the MEG data from the full cohort 325 of participants. An analysis of covariance was therefore conducted on 326 the beta responses of all participants with button press count included 327 as a covariate. The results of this analysis are presented in Table 3b . In 328 this analysis, the overall difference between groups in the sum of beta 329 amplitude across the two stages was not statistically significant; howev-330 er, again there was a difference between the way in which the two 331 groups responded at the two stages of the beta response (shown by 332 the significant group by stage statistical interaction).
Q4
Follow-up univar-333 iate ANCOVAs conducted on each group separately and on each stage 334 separately indicated that whilst the mean amplitudes of ERBD and 335 PMBR were not significantly different between the groups, controls 336 showed a significant increase from ERBD to PMBR (the peak-to-peak 337 'beta difference'), irrespective of the number of button presses, whereas 338 in patients, the beta difference was related to button press count: 339 individuals who pressed the button more often showed a greater in-340 crease from ERBD to PMBR (correlation between beta difference and 341 button press count R 2 = 0.23; p = .029). This effect can be observed 342 in Fig. 4 , which shows that for patients in the lowest quartile of mean 343 button press counts, there is little change between the two beta stages, 344 but as button press count increases, the beta difference in patients 345 increases and the timecourse becomes more similar to controls. Controls 
show similar timecourses regardless of how many times they press the 347 button (correlation of beta difference with button press count R 2 = 348 0.02; p = .494). Fig. 4 again suggests that the PMBR is more affected by 349 schizophrenia than ERBD; however there are insufficient numbers of par-350 ticipants to statistically test the group difference on the two stages across 351 different button press counts.
352
Visual gamma was analysed using a univariate ANCOVA with mean 353 button presses as a covariate. There was no significant difference 354 between patients and controls3 visual gamma amplitude (F(1,41) =
355
.08; p = .780) and the button press count did not influence visual 356 gamma (main effect of button presses: F(1,41) = 1.45; p = .236, and in-357 teraction between group and button presses: F(1,41) = .64; p = .428).
358
To investigate the influence of medication on the electrophysiologi- patients with lower button press counts showed a smaller beta differ-364 ence than those with higher button press counts, regardless of their 365 dose of antipsychotic medication (significant beta stage × button 366 press count interaction (F(1,17) = 5.04; p = .038); non-significant 367 main effects of beta stage, button press count and DDD, and all other in- and cognitive function loaded negatively on it (see Table 4 ), so those pa-385 tients with higher severity scores had stronger core symptoms and 386 lower levels of function. These were also the patients who showed the 387 smallest beta rebound.
388
An additional interesting feature of the time-frequency spectrograms 389 (Fig. 1 ) was the apparent difference in theta oscillations between groups.
390
These were not part of our hypothesis, but were contrasted in non-391 planned post-hoc comparisons of the stimulation period (0.5-1.8 s).
392
Patients showed significantly reduced theta in motor cortex (U = 78; 393 p b .001), whilst the difference in visual cortex was not significant 394 (t(43) = .62; p = .542).
395
In summary, the results indicate that in groups of participants 396 matched for performance on a self-paced button press task, the ampli-397 tude of post-movement beta oscillations is reduced in patients with 398 schizophrenia compared with controls. Beta reactivity, reflected in the 399 change from the desynchronisation during movement to synchronisa-400 tion following movement was reduced in patients who pressed the but-401 ton less often. Visual gamma did not differ significantly between groups.
402
Theta oscillations were reduced in patients3 motor but not visual cortex. ERBD was relatively preserved. Interestingly, patients who pressed the 418 button infrequently in our self-paced motor task showed significantly t3:1 and within subjects factor of beta stage (ERBD and PMBR). The same contrasts but with the covariate of mean button press count are presented in the ANCOVA results, which includes data and PMBR responses were present regardless of their mean button 423 press count. There was no significant difference in visual gamma oscilla-424 tions between groups. Our results therefore indicate abnormalities in 425 basic sensorimotor processing in patients with schizophrenia.
426
The differences in beta oscillatory response profiles between pa-427 tients and controls provide a potential neuronal correlate of known 428 motor disturbances in schizophrenia. There are various theories as to 429 the roles that beta desynchronisation and rebound play in the genera-430 tion and inhibition of movement. At rest, beta oscillations in motor Fig. 4 . Effect of number of button presses. Mean beta timecourses for groups of patients (red) and controls (blue), defined by the quartiles of mean button press count across all volunteers, from lowest (a) to highest (d). Shaded areas represent SEM across all trials. Fig. 5 . Correlation between PMBR and severity of persisting psychotic illness. The amplitude of the post-movement beta rebound showed a significant negative correlation with a measure of overall psychotic illness severity persisting during a stable phase of illness in the patient group. 
